The mammalian retina contains more than 50 distinct neuronal types, which are broadly classified into several major classes: photoreceptor, bipolar, horizontal, amacrine, and ganglion cells. Although some of the developmental mechanisms involved in the differentiation of retinal ganglion cells (RGCs) are beginning to be understood, there is little information regarding the genetic and molecular determinants of the distinct morphologies of the 15-20 mammalian RGC cell types. Previous work has shown that the transcription factor Brn3b/Pou4f2 plays a major role in the development and survival of many RGCs. The roles of the closely related family members, Brn3a/Pou4f1 and Brn3c/Pou4f3 in RGC development are less clear. Using a genetically-directed method for sparse cell labeling and sparse conditional gene ablation in mice, we describe here the sets of RGC types in which each of the three Brn3/Pou4f transcription factors are expressed and the consequences of ablating these factors on the development of RGC morphologies.
Introduction
Visual information undergoes a first level of processing in the retina, and the features extracted from the stimulus are conveyed to the brain through parallel channels subserved by 15-20 distinct retinal ganglion cell (RGC) types (Masland, 2001; Ramon y Cajal, 1972; Wassle, 2004 and references within) . RGC types can be distinguished by their physiological properties (Barlow, Hill, & Levick, 1964; Cleland & Levick, 1974a , 1974b Levick, 1967; Roska & Werblin, 2001; Troy & Shou, 2002) , target nuclei in the brain (Pu & Amthor, 1990a , 1990b Rodieck & Watanabe, 1993; Simpson, 1984) , patterns of dendritic arborization in the retina (Amthor, Oyster, & Takahashi, 1984; Boycott & Wassle, 1974; Levick, 1975; Ramon y Cajal, 1972; Rockhill, Daly, MacNeil, Brown, & Masland, 2002) and, in a few cases, molecular markers (Kim, Zhang, Meister, & Sanes, 2010; Siegert et al., 2009) .
RGC typography depends on the classification criteria applied and species studied (Masland & Martin, 2007) . Combining information about central brain projections, physiological light responses, and dendritic morphology is highly advanced in cat and primate retinas and has created a detailed picture of RGC types (Dacey, Peterson, Robinson, & Gamlin, 2003; Rodieck & Watanabe, 1993) . In the mouse, classification schemes based solely on morphological (Badea & Nathans, 2004; Coombs, van der List, Wang, & Chalupa, 2006; Kong, Fish, Rockhill, & Masland, 2005; Sun, Li, & He, 2002; Volgyi, Chheda, & Bloomfield, 2009 ), or physiological (Carcieri, Jacobs, & Nirenberg, 2003; Pang, Gao, & Wu, 2003; Zeck & Masland, 2007) criteria have recently been complemented by the discovery of molecular markers for individual RGC cell types (Hattar, Liao, Takao, Berson, & Yau, 2002; Huberman et al., 2008 Huberman et al., , 2009 Kim, Zhang, Yamagata, Meister, & Sanes, 2008; Yonehara et al., 2008; Siegert et al., 2009; Kim et al., 2010) . RGC type-specific expression of fluorescent, immunohistochemical, or enzymatic reporters has further advanced the integration of dendritic morphology, physiology, and projection patterns (Berson, Dunn, & Takao, 2002; Hattar et al., 2002; Huberman et al., 2008 Huberman et al., , 2009 Kim et al., 2008; Yonehara et al., 2008 Yonehara et al., , 2009 Do et al., 2009) . Finally, genetic manipulations targeted to specific RGC types permit type-specific cell deletion or modification and an analysis of the resulting effect on visual reflexes and behaviors (Badea, Cahill, Ecker, Hattar, & Nathans, 2009a; Guler et al., 2008) . These results underscore the utility of understanding the molecular genetics and development of RGC types in the mouse retina. Studying the morphology of RGC dendritic arbors is of interest not only as an aid in cell type classification, but because dendritic morphology relates directly to RGC response properties. In particular, the area of the arbor is closely correlated with the size of the RGC receptive field and the level of dendritic lamination in the inner plexiform layer determines the type of amacrine and bipolar cells from which the RGC receives its input (Amthor et al., 1984; Boycott & Wassle, 1974; Famiglietti & Kolb, 1976; Kim et al., 2008) . At present, the molecular mechanisms that specify the area, shape, and stratification level(s) of RGC dendritic arbors are still poorly understood (Badea et al., 2009a; Fuerst, Koizumi, Masland, & Burgess, 2008; Fuerst et al., 2009; Yamagata, Weiner, & Sanes, 2002) .
One family of transcription factors that is expressed in the retina exclusively in RGCs is the Pou4f/Brn3 family (Badea et al., 2009a; Erkman et al., 1996; Gan et al., 1996; Xiang et al., 1995 Xiang et al., , 1997 . The three members of the Brn3 family -Brn3a, Brn3b and Brn3c -are present in partially overlapping subpopulations of RGCs. They are also expressed in primary sensory neurons in the dorsal root and trigeminal ganglia, and in auditory and vestibular hair cells (Brn3c) or their synaptic partners in the vestibular system (Brn3a and Brn3b) (Erkman et al., 1996; Gan et al., 1996; Xiang et al., 1995 Xiang et al., , 1996 Xiang et al., , 1997 . In the retina, targeted deletion of Brn3b results in the loss of 70-80% of RGCs, with many of the surviving RGCs exhibiting severe axonal defects (Badea et al., 2009a; Erkman et al., 1996 Erkman et al., , 2000 Gan et al., 1996) . Deletion of Brn3a specifically in the retina results in a characteristic change in the distribution of RGC dendritic morphologies (Badea et al., 2009a) . Deletion of Brn3c does not have a major effect on RGC survival, but the Brn3b and Brn3c double mutant shows an increase in the severity of RGC loss compared to the Brn3b mutant (Wang et al., 2002) . Thus, each Brn3 gene plays a distinctive role in RGC development.
Several questions remain open regarding the role of the Brn3 transcription factors in RGC development and type specification. Which RGC types express each of the Brn3 transcription factors? Does Brn3c have a role in RGC development independent of its effects on cell survival in combination with Brn3b? What are the molecular mechanisms by which the Brn3 proteins regulate RGC cell type specification?
To begin to address these questions, we have developed a strategy in which Cre-mediated recombination of a conditional Brn3 allele simultaneously excises the Brn3 coding region and activates a previously silent histochemical reporter (alkaline phosphatase; AP) by bringing the AP coding region under the control of the Brn3 promoter (Badea et al., 2009a and references within) . Using this technique under conditions that produce a sparse collection of recombined cells, one can observe and quantify the morphologies of individual RGCs expressing the targeted Brn3 gene. In addition, by comparing mouse lines in which the conditional Brn3 allele is paired either with a wild type (WT) allele or with a conventional null allele, one can compare the morphologies of individual RGcs that are either homozygous mutant or heterozygous, respectively, for the Brn3 gene being manipulated.
In the present study we define the morphological subtypes of RGCs that express Brn3a, Brn3b, and Brn3c, and for each of the Brn3 genes we quantify a series of parameters that characterize the dendritic morphology in wild type compared to mutant RGCs.
Materials and methods

Mouse strains and crosses
Mouse lines carrying alleles Brn3a
, and R26 rtTACreER were previously described (Badea et al., 2009a (Badea et al., , 2009b Gan et al., 1996; Xiang et al., 1996 Xiang et al., , 1997 female. Conception date was determined by examining the copulation plug, and pregnant females were moved to cages with food pellets containing Doxycyline (1.75 mg/g) at gestational days 2-4. At gestational days 11-13, 100-250 lg of 4-hydroxytamoxifen in sunflower seed oil vehicle was delivered by intraperitoneal injection, and the doxycycline diet was continued until birth (Table 1). A detailed description of this protocol can be found in Badea et al. (2009b) .
Histochemistry
At 4-8 weeks after birth, mice of the six desired genotypes (R26 ) were anesthetized with ketamine and xylazine, and fixed with 4% paraformaldehyde in PBS by intracardiac perfusion. Retinas were dissected, flat mounted, and histochemically stained for AP as previously described (Badea, Wang, & Nathans, 2003) . Retina flat mounts were dehydrated in an ethanol series and cleared and mounted in benzyl benzoate:benzyl alcohol (2:1).
Image collection and analysis
Montages of the whole retina were generated at 5Â magnification using a Zeiss Z1 Imager microscope equipped with a motorized xyz stage. Individual RGCs were imaged under DIC/ Nomarsky transmitted light, and z-stacks were collected with a 20Â objective (3.125 pixels/lm) at 1 lm vertical (z-dimension) intervals. For each RGC dendritic arbor, the area and the inner (vitreal) and outer (scleral) limits of the stratification depth within the inner plexiform layer (IPL) were determined (Badea et al., 2003 (Badea et al., , 2009a (Badea et al., , 2009b Fig. 1H and I) . Scatter plots were prepared to assess the relationships among the measured parameters using MatLab and Excel. Individual examples of distinct morphological types were reconstructed (i.e. traced) using Neuromantic freeware (www.rdg.ac.uk/neuromantic/). 
Results
Genetically-directed sparse labeling of RGCs
We used a Cre recombinase-estrogen receptor ligand binding domain fusion protein (CreER) to effect recombination of a pair of loxP target sites in each Brn3 conditional allele to visualize the dendritic arbors of RGCs expressing each Brn3 transcription factor (Badea & Nathans, 2004; Badea et al., 2003) . For improved control over recombination efficiency at early developmental time points, we used a recently generated R26 rtTACreER knock-in allele, in which Cre recombinase activity is under two levels of pharmacologic control: expression of CreER is regulated at the transcriptional level by the doxycycline-dependent activation of the reverse tetracycline trans-activator (rtTA), and nuclear import of CreER is controlled, in a dose-dependent manner, by 4-hydroxytamoxifen (4-HT) (Badea et al., 2009b) . To specifically label RGCs expressing Brn3a, Brn3b, or Brn3c, we used the previously described Brn3a CKOAP and Brn3b CKOAP conditional knock-in AP reporter alleles, and an analogous, newly generated Brn3c CKOAP allele (Badea, Williams, Smallwood, and Nathans, in preparation) . Using an optimized doxycycline and 4-HT delivery protocol (Badea et al., 2009b) , we induced sparse recombination at each of the three Brn3 CKOAP alleles, resulting in excision of the cor- . Panels A-C in Fig. 1 show examples of retina flat mounts in which the AP + RGCs are heterozygous for the indicated Brn3 transcription factor, whereas panels D-F in Fig. 1 show AP + RGCs that lack the indicated transcription factor. Many aberrant AP + neurites are seen following loss of Brn3b ( Fig. 1E and F), consistent with our earlier experiments in which recombination was driven by a Pax6aCre transgene (Badea et al., 2009a) . In all of the figures the labels refer to the genotype of the mouse (e.g. Brn3b CKOAP/À ) rather than the genotype of the individual AP-expressing RGCs (e.g. Brn3b AP/À ).
General characteristics of RGCs: morphologic and parametric analyses
A total of 580 RGCs were analyzed. They were obtained from 38 retinas (Table 1 ) and were distributed approximately equally among the six genotypes. Individual RGC axons and dendrites were imaged using DIC/Nomarski optics under transmitted light, and successive optical sections where collected at 1 lm vertical (zdimension) intervals. To classify RGCs based on dendrite morphology, cells were first separated into monostratified or bistratified types based on the absence or presence of two well-separated, flat dendritic arbors. Fig. 1G and Table 2 show that the proportion of monostratified and bistratified types varies among WT RGCs that express the different Brn3 genes, with Brn3b-expressing RGCs showing the lowest proportion of bistratified cells and Brn3c-expressing RGCs showing the highest proportion. The effects of deleting each Brn3 gene on the ratio of monostratified to bistratified RGCs are described in Section 3.7. For each dendritic arbor, the inner (vitreal) and outer (scleral) limits -abbreviated as ID (inner distance) and OD (outer distance), respectively -were measured (Fig. 1H ). ID and OD were normalized to the total thickness of the IPL at the same (x,y) position. Finally, the arbor area was measured by constructing a bounding polygon with vertices defined by the most distal points along the dendritic tree ( Fig. 1I ). In the text that follows, we will refer to each of these cells by its letter designation; as each cell is discussed, the reader is encouraged to consult both the reconstructed cell image (Fig. 2 ) and the scatter plots (Figs. 3 and 4).
In general, the quantitative relationships between dendritic arbor area and arbor stratification level show a narrower range of variation within the set of WT bistratified RGCs compared to the WT monostratified RGCs, with the monostratified cells segregating into many distinct clusters across an extended hyper-volume of parametric space (compare Fig. 3A and B vs. Fig. 4A and B). Among monostratified Brn3b
AP/+ and Brn3c AP/+ RGCs, the level of dendritic arborization, as measured by the normalized ID parameter, clusters into two relatively discrete groups when plotted against arbor area (Fig. 3B ). Among the monostratified Brn3b AP/+ RGCs, these two groups further divide into four subgroups when ID is plotted against OD (Fig. 3A) . By contrast, monostratified Brn3a AP/+ RGCs show a more continuous distribution across parametric space ( Fig. 3A-C) . The thickness of a dendritic arbor in the z-dimension can be determined by subtracting ID from OD (Fig. 3C ). This parameter, which can also be inferred from the plots of ID vs. OD (Fig. 3A) , shows a distinctive distribution for each Brn3 subset (Fig. 3C ). For monostratified Brn3a AP/+ and Brn3b AP/+ RGCs, arbor areas show an inverse correlation with arbor thickness; in other words, arbors with large areas tend to be relatively thin in the z-dimension, whereas arbors with small areas tend to be relatively thick in the z-dimension. Using the (OD-ID)/IPL thickness parameter, monostratified Brn3b AP/+ RGC dendritic arbors can be subdivided in to three distinct sets, with the thinnest set encompassing all of the arbors with large areas (Fig. 3C) . In Sections 3.3-3.5 below we present a more detailed description of individual RGC types.
RGCs with small or asymmetric arbors
A distinct morphologic type of RGC has dendritic arbors that are sector shaped when viewed in the plane of the retina, slope from their origin at the cell body through the full width of the IPL, and end in a flat arbor apposed to the INL (e.g., cell c). This cell morphology, present among both Brn3a AP/+ and Brn3b AP/+ RGCs, has been previously described in unbiased morphologic surveys (Sun et al., 2002 -type C6; Badea & Nathans, 2004 -monostratified RGC cluster 6), and has recently been shown to express the molecular marker JamB and to respond selectively to upward motion (Kim et al., 2008 (Kim et al., , 2010 There is a linear correlation between eccentricity and dendritic arbor area for both ''ON" and ''OFF" Brn3c AP/+ and Brn3c AP/À RGCs, and the best fitting straight line is shown.
RGCs with flat, monostratified arbors
The majority of monostratified RGCs have relatively flat arbors. They distribute along the diagonal axis in the ID vs. OD plots ( Fig. 3A; i.e., ID and OD have similar values), and to the left side of the OD-ID vs. area plots (Fig. 3C ). All monostratified Brn3c AP/+ RGCs fall into this category (Fig. 3C) .
Based on ID, OD, and area parameters Brn3c AP/+ RGCs cluster in two distinct groups ( Fig. 3A and B) . [In the descriptions that follows, we make use of the laminar positions of starburst amacrine cell processes at normalized distances from the inner border of the IPL of $0.4 and $0.7; these are indicated in Fig. 3A and B and and homogeneously distributed dendrite pattern, is also present among Brn3a AP/+ RGCs (e.g., cell n), but not among Brn3b AP/+ RGCs.
Flat monostratified Brn3b AP/+ ''OFF" RGCs constitute a more complex set, but they can be subdivided based on arbor stratification levels and areas. The ''OFF" Brn3b AP/+ RGCs stratify between the outer starburst amacrine lamina and the INL with a broad distribution of area values. In addition to morphologies similar to the ''OFF" Brn3c AP/+ RGCs, (e.g., cell o), two larger cells are also seen. Cell f is reminiscent of the melanopsin-expressing ''OFF" RGC morphology (Berson, Castrucci, & Provencio, 2010; Ecker et al., 2010; Hattar et al., 2002) stratify at, or scleral to, the starburst amacrine landmark at 0.4 ( Fig. 3A and B) . Cells g and i represent examples of flat ''ON" Brn3b AP/+ RGCs with large dendritic arbors stratifying in close proximity to the GCL. These morphologies, like the large ''OFF" cell f, are unique to Brn3b AP/+ RGCs. Based on their areas and stratification levels, cells f and g most likely correspond to the M1 and M2 morphologies, respectively, of intrinsically photosensitive RGCs (Berson et al., 2010; Ecker et al., 2010; Hattar et al., 2002) . One particular type of flat, ''ON" dendritic arbor, shared by Brn3a AP/+ and Brn3b AP/+ RGCs is exemplified by cell a. The arbor stratifies at the 0.4 IPL starburst amacrine cell landmark, is extremely flat, and, in some examples exhibits isolated recurrent dendrites looping into the ''OFF" layer before joining the principal arbor. This morphology is characteristic of the ON direction selective (ON-DS) RGC, which has been extensively characterized both physiologically and morphologically in the mouse (Sun, Deng, Levick, & He, 2006; Yonehara et al., 2008 Yonehara et al., , 2009 ). Brn3a AP/+ RGCs also include flat ''ON" RGCs with small areas (e.g. cell k) that are not seen among Brn3b AP/+ or Brn3c AP/+ RGCs.
RGCs with bistratified arbors
Bistratified RGCs with stratification levels characteristic of ON-OFF direction selective cells are commonly observed among Brn3a AP/+ and Brn3c AP/+ RGCs but rarely observed among Brn3b (Fig. 4B) . In comparing reconstructed cells l and m, a distinction between bistratified Brn3a AP/+ and Brn3c AP/+ RGCs becomes apparent.
Whereas in cell l, all ''ON" dendrites are derived from the cell body or other ''ON" dendrites (drawn in blue), in cell m, about 50% of ''ON" stratifying dendrites derive from dendrites that had already descended into the ''OFF" arbor and then looped back into the ''ON" strata (drawn in gray). Although not quantified, this seems to be a consistent finding, and it might have implications for the ''ON" vs. ''OFF" input computations happening in ON-OFF DS RGCs.
Changes in arbor area with retinal eccentricity
Whereas average dendritic arbor areas of ''ON" and ''OFF" , both cell types display a roughly linear correlation between area and retinal eccentricity, as defined by the distance from the cell body to the optic disc ( Fig. 3D ; for ''ON" RGCs, R = 0.694, P = 1.755 e
À7
; for ''OFF" RGCs, R = 0.784, P = 1.6 e À5 ). The analogous Brn3a AP/+ and Brn3b AP/+ scatter plots in Fig. 3D suggest a similar trend, although the greater heterogeneity of these RGC populations would be expected to partially obscure any strong eccentricity trend that is limited to one or a few RGC subtypes. This is, to our knowledge, the first report of an eccentricity effect in dendritic arbor areas for mouse RGCs. Interestingly, the variation in area is quite large, comprising an average change of $2-fold between 0.5 and 1.5 mm eccentricity.
Effect of deleting individual Brn3 genes on RGC morphology
What are the consequences of deleting Brn3 transcription factors on the morphologies of individual RGCs? Previously, we reported major axon arbor defects in Pax6aCre;Brn3b AP/À RGCs and the loss of specific dendritic arbor morphologies together with an increase in the proportion of bistratified RGCs in Pax6aCre;Brn3a AP/À retinas (Badea et al., 2009a) . These phenotypes are independently confirmed in the current study (Figs. 1D-G, Fig. 2D , 3, and 4; Table 2 ). The small decrease in the proportion of bistratified dendritic morphologies among Brn3c AP/À RGCs compared to Brn3c AP/+ RGCs (Fig. 2G) is not statistically significant and, indeed, no statistically significant differences in RGC morphologies were observed between Brn3c AP/+ and Brn3c AP/À samples with any of the parameters we measured (Figs. 3 and 4) . When Brn3a is removed from individual RGCs by sparse, ) neurons is consistent with a role for Brn3b in suppressing amacrine cell fates (Qiu, Jiang, & Xiang, 2008) . Stratification levels and areas of monostratified Brn3b AP/À dendritic arbors overlap substantially with those of Brn3b AP/+ (Fig. 3) As noted above, a striking, and previously unreported, observation is the expansion in the fraction of bistratified RGCs among Brn3b AP/À RGCs compared to Brn3b AP/+ RGCs (Figs. 1G and 4) . The majority of these bistratified neurons have inner arbors stratifying proximal to the 0.4 IPL landmark and outer arbors stratifying distal the 0.7 IPL landmark. Thus, the two dendritic arbor strata are further apart than is typical for ON-OFF DS bistratified RGCs (compare cells l and m with cell s) and do not coincide with the ChAT IPL bands. Moreover, in a subset of these RGCs, the cell bodies are offset from the dendritic arbor in a manner reminiscent of the monostratified sector cells (cells c, w, and x). To quantify this phenomenon, we computed the relative offset of the cell body in relation to the dendritic arbors for all inner and outer arbors of bistratified RGCs (Fig. 4C) . The asymmetry parameter -defined as the distance between the cell body and the center of mass of the bounding polygon of either the inner or outer dendritic arbor, divided by the mean radius of the bounding polygon -is 0 for a perfectly symmetrical cell with a centered cell body, 1 for a cell body placed on the circumference of a circular bounding polygon, and greater than one for a cell body positioned beyond the circumference of a circular bounding polygon. Fig. 4C shows the extended distribution of asymmetry parameters calculated for Brn3b AP/À dendritic arbors, with a large fraction having values larger than 1.
Discussion
Patterns of Brn3 transcription factor expression and the division of RGCs into subtypes
How many types of RGCs are there in the mouse retina? Depending on the imaging approach, the parameters measured, and the clustering algorithms applied, estimates for morphologic types vary widely: 17 in Sun et al., 2002 , 11 in Badea & Nathans, 2004 , 11 in Kong et al., 2005 , 14 in Coombs et al., 2006 , and 22 in Volgyi et al., 2009 . In the present study, at least 15 distinct RGC morphologies are visualized by using sparse recombination in the three Brn3 CKOAP/+ mouse lines.
These estimates represent a lower bound for a full classification system, as each morphological class could encompass multiple functional classes. Well-documented examples of this situation are bistratified ON-OFF DS cells, which have similar morphological parameters, yet can be differentiated by their preference for four distinct directions of stimulus movement (Barlow et al., 1964; Weng, Sun, & He, 2005) . For ON-OFF DS cells, dendritic arbor reconstructions using genetically driven reporters have recently been described (Huberman et al., 2009; Schubert, Maxeiner, Kruger, Willecke, & Weiler, 2005b) . Interestingly, Huberman et al. report transgenic labeling of ON-OFF DS cells selectively responsive to stimuli moving in one direction, raising the possibility that the four functional ON-OFF DS RGCs subtypes might express distinctive molecular markers. More subtle distinctions between bistratified RGCs based on the number of recurrent dendrites looping from the ''OFF" arbor to the ''ON" arbor, as seen in comparing Brn3a AP/+ RGC l and Brn3c AP/+ RGC m, may add additional categories of ON-OFF bistratified RGCs. Monostratified ON-DS RGCs (e.g., cell a), although morphologically indistinguishable from each other, also comprise three distinct functional classes, responsive to moving stimuli in three directions, ''up", ''forward" and ''backward". These cells provide the afferent signals for the visual component of the vestibulo-ocular reflex, are labeled in Brn3a CKOAP/+ and Brn3b CKOAP/+ but not Brn3c CKOAP/+ retinas, and project to three brainstem nuclei in the accessory optic system (Badea et al., 2009a; Simpson, 1984; Yonehara et al., 2008 Yonehara et al., , 2009 (Kim et al., 2008) . In our data set, cells with morphologies similar to melanopsinexpressing RGCs are seen exclusively in Brn3b CKOAP/+ retinas (cells f, g, and i; Berson et al., 2010; Hattar et al., 2002) . This is consistent with the previous observation that Brn3b AP/+ RGCs project to the OPN and IGL, and show a weak projection to the SCN, all of which are targets of melanopsin RGCs, whereas Brn3a AP/+ and Brn3c
AP/+
RGCs avoid many of these targets (Badea et al., 2009a; Badea, Williams, Smallwood, and Nathans, in preparation) . The physiologic and morphologic properties, as well as one genetic marker, have been described for mouse ''OFF" alpha RGCs (Pang et al., 2003; Schubert et al., 2005a; Völgyi, Abrams, Paul, & Bloomfield, 2005; Huberman et al., 2008 (Badea & Nathans, 2004; Coombs et al., 2006; Sun et al., 2002; Volgyi et al., 2009) . We speculate that they represent the mouse beta RGCs, since they come in both ''ON" (cell d) and ''OFF" (cell j) variants, and stratify close to the middle of the IPL. These cells likely correspond to the small thick arbor clusters G5, G8, G13 and G14 described by Volgyi et al. (2009) . We note that similar RGCs with small areas and similar stratification levels have been reported as bistratified in Schubert et al. (2005b) . In the present study, it is difficult to discern two arbors.
Another morphology present among both Brn3a AP/+ and Brn3b
RGCs, which is difficult to match with previously described morphologies, is exemplified by cell e. It most likely is classified as a bistratified RGC in Coombs et al. (2006) , and is a member of cluster 5 in Badea and Nathans (2004) . In all of the examples of this RGC type in our data set and in the literature, the ''OFF" arbor is sparser than the ''ON" arbor, and ''OFF" dendrites ascend vertically from the ''ON" plexus to the inner edge of the INL. Although the physiological properties of this cell have not been reported in the mouse retina, bistratified RGCs with a similarly large distance between the two arbors have been described as blue-yellow color opponent cells in the primate (Crook et al., 2009; Dacey & Lee, 1994) , and as ''uniformity detectors" in rabbit (Famiglietti, 2009) . Bistratified cells similar to cell e have been shown not to be color opponent in guinea pigs, which, like mice, have some cones that co-express the short-and medium-wavelength pigments (Applebury et al., 2000; Yin, Smith, Sterling, & Brainard, 2009 ). Brn3c AP/+ RGCs can be divided in to three distinct morphologies with tightly clustered morphological parameters: an ''ON" RGC (cell n), an ''OFF" RGC (cell o), and a bistratified, most likely an ''ON-OFF", RGC (cell m). The dendritic arbor areas of all three cells exhibit a linear increase with eccentricity, implying a central-toperipheral decrease in visual acuity for these three channels. Brn3a AP/+ and Brn3b AP/+ RGCs each encompass at least 10 distinct cell morphologies, consistent with immunohistochemical data showing that each transcription factor is expressed in $75% of all RGCs (Badea et al., 2009a) . In the present study, five distinct cell morphologies (cells a-e) were observed to be shared among Brn3a AP/+ and Brn3b AP/+ RGCs, one (cell n) is shared between Brn3a AP/+ and Brn3c AP/+ RGCs, and one (cell o) is shared by all three Brn3 AP/+ RGCs. This pattern is consistent with the hypothesis that the Brn3 transcription factors constitute a combinatorial code for RGC cell type specification. This pattern also holds for other molecular markers identified thus far. For example, the photopigment melanopsin is expressed in several distinct RGC cell types (Berson et al., 2010; Ecker et al., 2010) ; the secreted Ig domain molecule Spig1 is expressed in one type of ON-DS RGC in most of the retina, but in virtually all RGCs in the dorsal arc as well as in some amacrine cells (Yonehara et al., 2008) ; the Ig domain adhesion molecule JamB is transiently expressed in sector shaped, upward direction selective RGCs, but also in a population of amacrine cells (Kim et al., 2008) ; and a calretinin-GFP bacterial artificial chromosome (BAC) transgene is expressed in transient OFF alpha RGCs as well as in a subset of amacrine cells (Huberman et al., 2008) . Thus, genetic labeling and/or manipulation of only a single neuronal cell type will likely require intersectional strategies for gene regulation, as have been used in mice (Badea et al., 2009b) and Drosophila (Potter, Tasic, Russler, Liang, & Luo, 2010 (Badea et al., 2009a; Badea, Williams, Smallwood, and Nathans, in preparation) . Thus, at least one melanopsin-expressing, SCN-projecting cell population is Brn3 negative. Another RGC morphology that appears to be absent from the Brn3 collection is the parvalbumin-5 ''approach detecting" RGC described by Münch et al. (2009) .
The role of Brn3 transcription factors in RGC specification
What are the roles of Brn3 transcription factors in RGC development? Previous reports indicated that Brn3b plays a role in RGC axon development, whereas Brn3a is involved in differentiation of dendritic arbors (Badea et al., 2009a; Erkman et al., 1996 Erkman et al., , 2000 Gan et al., 1996; Wang, Gan, Martin, & Klein, 2000) . The current study confirms and extends these findings. First, we observe axon branching defects in individual, sparsely labeled Brn3b AP/À RGCs, as well as small, axonless amacrine-like Brn3b AP/À cells in the INL. Since more than 99% of RGCs in these retinas are phenotypically WT (i.e. they have not undergone Cre-mediated recombination), these findings indicate that the aberrant morphologies are not caused by a defect at the optic nerve, in cues for axon pathfinding, or in any other non-cell autonomous processes, but rather are the result of cell-autonomous defects secondary to Brn3b ablation. Second, among Brn3b AP/À RGCs with novel morphologies, there is a population with large arbor areas and dendrites that populate multiple IPL laminae (e.g., cells t and v). In general, RGC dendritic arbor area is anticorrelated with arbor thickness, so that RGCs that integrate signals over a large retinal area usually occupy a narrow stratum of the IPL, thereby receiving input from relatively limited bipolar and amacrine cell populations. By contrast, a significant fraction of RGCs with small dendritic arbor areas collect information from several IPL strata, and could therefore receive synaptic inputs from a broader population of bipolar and amacrine cell types. Finally, a class of Brn3b AP/À RGCs with abnormal dendritic arbor morphologies is seen in the expanded population of AP-expressing bistratified RGCs. Roughly half of these bistratified Brn3b AP/À RGCs exhibit extremely asymmetric dendritic arbors, reminiscent of the sector/JamB population of monostratified RGCs (cells w, x). These asymmetries could plausibly arise from abnormal cell body movements among otherwise normal bistratified RGCs, or they could derive from sector RGCs that have developed a second dendritic arbor.
